1. Introduction {#sec1-ijms-18-00372}
===============

Glioblastoma (GBM) is one of the most common and aggressive types of brain tumor in the world. The current standard treatment for GBM is surgical resection, with a biodegradable Gliadel wafer™ implant and adjuvant chemotherapy with alkylating agent temozolomide (TMZ). There is, however, a considerable need to develop alternative treatments, as GBM is a fatal disease with a median overall survival time of only 20--21 months \[[@B1-ijms-18-00372],[@B2-ijms-18-00372]\]. There are two main reasons for tumor recurrence. First, malignant brain tumors have vascular infiltration characteristics \[[@B3-ijms-18-00372]\]. The tumor cells can easily diffuse into the normal brain tissue through blood vessels or axons, which causes the tumor margin to be difficult to define. Therefore, it is difficult to remove the tumor completely by surgery. Second, some scientists think that cancer stem cells (CSCs) are a small subset of cells within a tumor that initiate both the primary disease and its recurrence because of their capacity for self-renewal and inherent chemoresistance, radioresistance, migration and invasion \[[@B4-ijms-18-00372],[@B5-ijms-18-00372],[@B6-ijms-18-00372],[@B7-ijms-18-00372],[@B8-ijms-18-00372]\]. Therefore, to find a drug that can treat brain tumors and brain tumor stem cells as well as reduce tumor cell migration and invasion, and to understand its molecular mechanisms are the crucial objectives in this study.

CSCs, also known as tumor stem cells or tumor-initiating cells, exhibit stemness and have the ability for self-renewal and differentiation. It is believed that CSCs have the capacity to proliferate indefinitely and to generate secondary and tertiary tumors in xenotransplantation studies. CSCs are thought to be the reason why cancer has an invasive property, high recurrence rate and resistant to chemotherapy and radiotherapy \[[@B9-ijms-18-00372],[@B10-ijms-18-00372],[@B11-ijms-18-00372]\]. There are more and more reports indicating that malignant tumors have CSCs, such as leukaemias, prostate cancers, breast cancers, lung cancers and brain cancers \[[@B12-ijms-18-00372],[@B13-ijms-18-00372],[@B14-ijms-18-00372],[@B15-ijms-18-00372],[@B16-ijms-18-00372],[@B17-ijms-18-00372],[@B18-ijms-18-00372],[@B19-ijms-18-00372],[@B20-ijms-18-00372],[@B21-ijms-18-00372],[@B22-ijms-18-00372]\]. CSCs derived from U87MG cells possess stronger drug resistance to conventional anticancer drugs such as doxorubicin, etoposide, carboplatin, and bis-chloroethylnitrosourea (BCNU) than non-stem cells of malignant gliomas \[[@B23-ijms-18-00372]\]. CD133, also called prominin-1, is a cell surface glycoprotein with a unique five-transmembrane domain and two large *N*-glycosylated extracellular rings. CD133 has been used as a marker for the purification of stem cells from cancerous tissues. Singh isolated brain tumor stem cells (BTSC) by surface marker CD133 from human brain tumors, and proved CD133 to be an important indicator in brain tumorigenesis \[[@B21-ijms-18-00372]\].

In the recent years, the enhancer of Zeste 2 (EZH2) was considered to be a therapeutic target in cancer research \[[@B24-ijms-18-00372]\]. EZH2 is the catalytic subunit of the polycomb repressive complex 2 (PRC2). EZH2, through the trimethylation of H3 (Histone 3) on K27 (Lysine 27), induces gene repression. It is overexpressed in several tumors, including brain tumors, prostate cancer and breast cancer. Researcher Orzan indicated that EZH2 expression is 26.62 ± 19.90-fold higher in GBM than in normal brains from 57 GBM specimens. They also analyzed EZH2 in nine low-grade gliomas, and the expression was 4.26 ± 2.90-fold higher than in normal brains, which was significantly lower than in GBM. This indicates that EZH2 expression is associated with glioma malignancy \[[@B25-ijms-18-00372]\]. In 2011, Suvà et al. demonstrated that EZH2 is essential for GBM CSC maintenance. GBM CSCs depleted of EZH2 lose self-renewal, tumor-forming capacity and tumorigenicity \[[@B26-ijms-18-00372]\]. In 2012, Ott et al. showed that the silencing of EZH2 reduced glioma cell proliferation and invasiveness, and it also reduced AXL receptor kinase expression \[[@B27-ijms-18-00372]\]. AXL receptor tyrosine kinase (RTK) has been shown to be linked with various high-grade cancers, related to poor diagnosis and induction of epithelial--mesenchymal transition (EMT) \[[@B28-ijms-18-00372],[@B29-ijms-18-00372],[@B30-ijms-18-00372]\]. In addition, AXL has been reported to be correlated with stemness in cutaneous squamous cell carcinoma and breast cancer \[[@B31-ijms-18-00372],[@B32-ijms-18-00372]\]. EZH2 and AXL seem like a promising therapeutic target in cancer. Therefore, there are several small molecules used in clinical trials that treat tumors by targeting EZH2 or RTK (AXL/MET/EGFR).

In this study, we used a novel small molecule, *n*-butylidenephthalide (BP), to treat GBM stem-like cells in order to study their migration and invasion. The GBM stem-like cells 1XM (high CD133^+^, radioresistant) and 0XM (low CD133^+^, parental) were kindly given by Dueng-Yuan Hueng. They used the magnetic bead method to isolate CD133^+^ cells from GBM patients \[[@B33-ijms-18-00372]\]. We have demonstrated previously that BP has antitumor effects on GBM brain tumors \[[@B34-ijms-18-00372],[@B35-ijms-18-00372],[@B36-ijms-18-00372]\]. Moreover, BP inhibited telomerase activity and promoted senescence in GBM cells \[[@B37-ijms-18-00372],[@B38-ijms-18-00372]\]. Temozolomide (TMZ) drug resistance is a major problem in the treatment of glioblastoma. Elevated expression of O6-methylguanine-DNA methyltransferase (MGMT) may lead to the stunting of therapeutic effects of TMZ. BP has a combination effect with TMZ and reduced MGMT expression to overcome TMZ drug resistance \[[@B39-ijms-18-00372]\]. Our recent study was focused on developing a local drug delivery polymer-BP wafer in which BP was incorporated into a biodegradable polyanhydride material called CPP-SA. The results of both subcutaneous and intracranial implantation of BP wafers revealed that BP wafers significantly reduced tumor size in xenograft, orthotopic, and spontaneous brain tumors in transgenic mice \[[@B40-ijms-18-00372]\]. Moreover, BP wafers not only significantly increased the survival rate, but also decreased Axl expression and inhibited tumor invasion \[[@B41-ijms-18-00372]\]. The effect of BP on GBM stem-like cells remained undetermined. Thus, in this study, we investigated whether or not BP would inhibit GBM stem-like cell proliferation, stemness, migration and invasion. The results indicate that BP is a promising new anticancer compound with the potential for clinical application.

2. Results {#sec2-ijms-18-00372}
==========

2.1. Characterization of GBM Stem-Like Cells and GBM Cells {#sec2dot1-ijms-18-00372}
----------------------------------------------------------

In order to confirm the CD133^+^ percentage of 0XM and 1XM, cells were stained with phycoerythrin (PE)-conjugated antibody against CD133, and analyzed using flow cytometry. As [Figure 1](#ijms-18-00372-f001){ref-type="fig"}A shows, 0XM has a very low percentage of CD133^+^ cells, only displaying 6% CD133^+^ signal. On the other hand, 1XM (high CD133^+^) has approximately 90% of CD133^+^ cells. Also, we analyzed another common marker of GBM CSCs, CD44 and Nestin. We proved that 1XM had a high expression in CD133, CD44 and Nestin compared with 0XM ([Figure 1](#ijms-18-00372-f001){ref-type="fig"}B). Then, we used Western blotting to make a distinction of the marker (EZH2, Axl, CD133, Sox2 and Oct4), which we evaluated in this study in GBM cells and GBM CD133^+^ cells. EZH2 and AXL are found overexpressed in GBM specimens, and Sox2 and Oct4 are transcription factors that are essential to maintaining the stemness in CSCs. We can see that the 1XM has a high CD133 and Sox2 expression, while they have a very low expression in GBM cells 8401, DBTRG or 0XM ([Figure 1](#ijms-18-00372-f001){ref-type="fig"}C).

2.2. BP Could Lead to 1XM Cytotoxicity through G2/M {#sec2dot2-ijms-18-00372}
---------------------------------------------------

In our previous study, we demonstrated the antitumor effects of BP on GBM cells, both in vitro and in vivo. In this study, we wanted to investigate to see if BP has antiproliferative effects on GBM stem-like cells 1XM. We used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which revealed that BP exerted an antiproliferative effect on GBM stem-like cells 1XM and GBM cell DBTRG; the IC~50~ concentration of 1XM was 76.5 μg/mL, and the IC~50~ concentration of DBTRG was 100 μg/mL ([Figure 2](#ijms-18-00372-f002){ref-type="fig"}A--F and [Table 1](#ijms-18-00372-t001){ref-type="table"}). Also, we used the clinical drugs TMZ and BCNU to compare with BP. Furthermore, we analyzed the cell cycle to confirm the checkpoint in 1XM after BP exposure. Flow cytometric analysis showed that after BP treatment, there was induced accumulation in G2/M phase ([Figure 2](#ijms-18-00372-f002){ref-type="fig"}G). Furthermore, the sub-G1 phase also increased after BP exposure in a dose-dependent manner.

2.3. BP Decreases GBM Stem-Like Cells Stemness Marker and EZH2 Expression {#sec2dot3-ijms-18-00372}
-------------------------------------------------------------------------

CD133 is widely used as a surface marker to identify and isolate brain CSCs in malignant brain tumors. Some studies reported that CD133 regulated the proliferation and the colony-forming ability of the cancer cells \[[@B42-ijms-18-00372]\]. Therefore, we investigated the change of the CD133 expression after BP treatment. As [Figure 3](#ijms-18-00372-f003){ref-type="fig"}A shows, CD133 expression significantly decreased after BP treatment, in a dose-dependent manner. Sox2 and Oct4 are stem cell self-renewal regulatory factors in CSCs. EZH2 is highly expressed in high-grade GBM, and has been shown to be essential for GBM CSC maintenance. Moreover, EZH2 upregulation in CSCs plays a critical role in GBM tumor propagation and radioresistance \[[@B43-ijms-18-00372]\]. We used Western blotting to evaluate these protein expressions after BP treatment in a dose-dependent and time-dependent manner. We observed significant downregulation in CD133, Sox2, Oct4 and EZH2 expression after BP treatment, in a dose-dependent manner, in 1XM ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}A--C). Furthermore, we evaluated the protein expression at 0, 6, 12 and 24 h periods with BP in a low dose ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}D) and IC~50~ dose ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}E). As the result shows, CD133, Sox2, Oct4 and EZH2 is downregulated in the IC~50~ dose (75 μg/mL), but the low dose (25 μg/mL) did not downregulate. This might mean that the protein regulation correlates with the cell maintenance.

2.4. BP Inhibits AXL Expression and GBM Stem-Like Cells Migration, Invasion and EMT {#sec2dot4-ijms-18-00372}
-----------------------------------------------------------------------------------

We examined the expression of AXL in BP-treated 1XM through RT-PCR and Western blot analyses. In cells treated with a series of concentrations of BP, the mRNA expression of AXL was suppressed in a dose-dependent manner ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}A). In addition, the protein expression of AXL and growth arrest specific 6 (GAS6) were downregulated in 1XM in a dose-dependent manner after BP treatment ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}B). GAS6 has been demonstrated to be overexpressed and activated in many human cancers, and it is also the major ligand of AXL. GAS6, through binding to AXL, activates AXL to control cellular growth or maintenance. Blocking GAS6 might interrupt the interaction with AXL. AXL was also significantly decreased after BP treatment ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}B). EMT is related to epithelial cells in the invasive migratory mesenchymal cells that underlie cancer progression; we demonstrated that BP reduced the expression of EMT-related protein ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}C). We know that AXL is involved in cell migration and invasion; therefore, we investigated the efficacy of inhibiting cell migration and invasion through BP treatment in GBM stem-like cells. As [Figure 5](#ijms-18-00372-f005){ref-type="fig"}Ab,C shows, the GBM stem-like cells 1XM migration and invasion ability was inhibited after BP treatment in a dose-dependent manner. The relative migrated cells and invasive cells are shown in [Figure 5](#ijms-18-00372-f005){ref-type="fig"}Bb,D. We also evaluated the possibility of the inhibition of GBM stem-like cells migration and invasion by the clinical drug, BCNU. Photomicrographs depicted in [Figure 5](#ijms-18-00372-f005){ref-type="fig"}Aa show that a low number of migrating cells decreased after BCNU treatment. [Figure 5](#ijms-18-00372-f005){ref-type="fig"}Ba is the quantification. This defect may be one of the reasons why patient survival does not improve significantly. Furthermore, matrix metalloproteinases (MMPs) play a crucial role in tumour invasion and metastasis processes; we determined that BP significantly influenced the expression levels of MMP in GBM stem-like cells ([Figure 5](#ijms-18-00372-f005){ref-type="fig"}E).

2.5. AXL and EZH2 Were Required for Mediating the Inhibition of GBM Stem-Like Cells Migration, Invasion, and EMT by BP {#sec2dot5-ijms-18-00372}
----------------------------------------------------------------------------------------------------------------------

As [Figure 3](#ijms-18-00372-f003){ref-type="fig"} and [Figure 4](#ijms-18-00372-f004){ref-type="fig"} show, BP was significantly downregulated in AXL, CD133, Sox2, Oct4 and EZH2 expression. These genes correlate with CSC stemness, maintenance, migration, or invasion; therefore, we induced AXL, Sox2 and EZH2 overexpression in 1XM by transfecting them with the plasmid pcDNA3.0-AXL, pcDNA3.1-Sox2 and pcDNA3.1-EZH2 (Figures 6A and 7Aa,Ba). After colony selection, we confirmed the protein expression and cell migration and invasion ability. [Figure 6](#ijms-18-00372-f006){ref-type="fig"}B,C reveals that the cell migration and invasion ability recovered when the cells overexpressed AXL. In addition, to further explore the role of AXL in the CSC-related gene regulation, we assessed changes in the protein expression profile upon AXL overexpression. When AXL was overexpressed in cells, the expression of EZH2, CD133 and Sox2 reversed ([Figure 6](#ijms-18-00372-f006){ref-type="fig"}D). The data demonstrated that AXL plays an important role in GBM stem-like cells by BP treatment. Furthermore, [Figure 7](#ijms-18-00372-f007){ref-type="fig"}Ac reveals that when EZH2 was overexpressed in cells, EMT associate gene transforming growth factor beta 1(TGF-β1), Slug and Snail were reversed. In contrast, when Sox2 was overexpressed in cells, EMT associate gene TGF-β1, Slug and Snail were not reversed. This reveals that GBM stem-like cell migration, invasion and EMT were mediated by the AXL/EZH2 pathway.

Over the past decade, we found potential regulatory mechanisms involved in the response to BP treatment in GBM cells \[[@B34-ijms-18-00372],[@B35-ijms-18-00372],[@B36-ijms-18-00372],[@B37-ijms-18-00372],[@B38-ijms-18-00372],[@B39-ijms-18-00372],[@B40-ijms-18-00372]\]. To summarize the findings, [Figure 8](#ijms-18-00372-f008){ref-type="fig"} shows the schematic mechanism of BP treatment in GBM cells.

3. Discussion {#sec3-ijms-18-00372}
=============

Over the past decade, we have proved that BP has a high potential for treating GBM \[[@B34-ijms-18-00372],[@B35-ijms-18-00372],[@B36-ijms-18-00372],[@B37-ijms-18-00372],[@B38-ijms-18-00372],[@B39-ijms-18-00372],[@B40-ijms-18-00372]\]. GBM is still a difficult issue in the world. Some scientists state that CSCs are one of the major reasons why there are still high recurrence rates and high mortality rates. CSCs in GBM are highly invasive, radioresistant and chemoresistant, and will eventually result in tumor recurrence. Figuring out how to targeting CSCs for treatment is the most crucial issue at the moment. In our recent publication, we demonstrated that a novel small molecule, BP, inhibited tumor migration and invasion by downregulating AXL, and thus reducing EMT \[[@B41-ijms-18-00372]\] in GBM. In this study, we further evaluated the efficacy of BP for treating GBM stem-like cells (CD133 high expression cells), and assessed the inhibition of migration and invasion. First, we verified the CD133 percentage, and then we compared some genes between GBM cells and GBM stem-like cells ([Figure 1](#ijms-18-00372-f001){ref-type="fig"}). The CD133 and Sox2 expression of 1XM is significantly higher than others. The expression of CSC marker CD133 and MGMT is associated with resistance to radiotherapy in malignant glioma \[[@B44-ijms-18-00372],[@B45-ijms-18-00372]\]. In comparison to CD133^−^ cells, CD133^+^ cells have 32- to 56-fold more activity of MGMT \[[@B45-ijms-18-00372]\]. In this case, our BP reduced MGMT \[[@B39-ijms-18-00372]\] and CD133 expression ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}A,E). Silencing Sox2 in BTSC prevents its proliferation and inhibits tumorigenicity \[[@B46-ijms-18-00372]\]. Sox2 and Oct4 are associated with tumor stemness and radioresistance. We also found that BP downregulated Sox2 and Oct4 ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}B,C,E). Besides, in our other study, we found that BP could decrease radioresistance in 1XM cells (data not shown). Liu et al. proved that CD133 positive cells were significantly resistant to chemotherapeutic agents including TMZ, carboplatin, paclitaxel (Taxol) and etoposide (VP16), compared to autologous CD133 negative cells \[[@B47-ijms-18-00372]\]. Cancer stem cells possess enhanced DNA repair capacity. In that case, developing new chemotherapeutic agents with not only anti-poliferation effects on CD133^−^ cells but also on CD133^+^ cells is our primary objective. The IC~50~ of BP for treating GBM cells is around 75--100 μg/mL, and the IC~50~ of BP for treating GBM stem-like cells is 76.5 μg/mL. This does not show resistance in BP for treating GBM stem-like cells ([Figure 2](#ijms-18-00372-f002){ref-type="fig"} and [Table 1](#ijms-18-00372-t001){ref-type="table"}). We proved that BP not only has anti-tumor effects, but it also has the potential to treat GBM stem-like cells.

Reports showed that the expression of CD133 in GBM, medulloblastomas, and other brain tumor tissues could be a positive predictive indicator for tumor recurrence, malignant progression, and patient survival \[[@B48-ijms-18-00372]\]. Besides, silencing CD133 expression could inhibit CD133-positive liver cancer stem cells stemness properties and will enhance chemoradiosensitivity \[[@B49-ijms-18-00372]\]. As [Figure 3](#ijms-18-00372-f003){ref-type="fig"}A shows, BP could inhibit GBM CSCs' CD133 expression. Moreover, BP also reduced CSC stemness association gene Sox2 and Oct4 expression ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}B). Reduced CSC stemness might enhance chemotherapy and radiotherapy sensitivity. In 2012, Ott and their group pointed out that the silencing of EZH2 reduced glioma cell proliferation and invasiveness \[[@B27-ijms-18-00372]\]. Furthermore, they suggested that EZH2 drives glioma invasiveness via transcriptional control of AXL. In 2009, Li et al. used AXL shRNA knockdown AXL in a variety of cancer cell lines, and the results showed that knockdown AXL reduced cell viability and attenuated their migration \[[@B50-ijms-18-00372]\]. Recently, we found out there are two research studies also using small molecules, BGB324 \[[@B51-ijms-18-00372]\] and BMS-777607 \[[@B52-ijms-18-00372]\], to target AXL suppressed multiple malignant properties including growth, migration, and invasion in GBM. In 2010, Gjerdrum et al. found that AXL is an essential EMT-induced regulator of breast cancer metastasis \[[@B30-ijms-18-00372]\]. Furthermore, Asiedu et al. demonstrated that AXL induces EMT and regulates the function of breast cancer stem cells \[[@B32-ijms-18-00372]\]. AXL has been correlated with poor prognosis, and promotion of increased the invasiveness/metastasis of the EMT phenotype and drug resistance. We demonstrated that BP targeting AXL reduced brain tumor migration and invasion, and prolonged animal survival in orthotic GBM animal models. In this study, we saw that BP could downregulate EZH2 expression ([Figure 3](#ijms-18-00372-f003){ref-type="fig"}C) and inhibit the expression of AXL in a dose-dependent manner ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}A,B) of GBM stem-like cells. BP treatment also reduced GAS6 expression, which is the ligand of AXL, and it might decrease the binding GAS6 and AXL. The binding of GAS6 and AXL would influence cancer cell growth or maintenance. Moreover, BP could inhibit EMT and reduce the migratory and invasive capabilities of GBM stem-like cells ([Figure 4](#ijms-18-00372-f004){ref-type="fig"}C and [Figure 5](#ijms-18-00372-f005){ref-type="fig"}). Finally, to determine the role of BP in AXL, EZH2, Sox2 and EMT regulation (migration and invasion), we induced the overexpression of AXL, EZH2 and Sox2 in 1XM. The results suggest that BP affected the GBM stem-like cells migration, invasion, and EMT regulation and that this might be related to AXL/EZH2 regulation, but not to Sox2 ([Figure 6](#ijms-18-00372-f006){ref-type="fig"} and [Figure 7](#ijms-18-00372-f007){ref-type="fig"}).

Sox2 plays important role in maintaining CSC stemness. Silencing the expression of Sox2 in GBM tumor-initiating cells can prohibit proliferation and cause the loss of tumorigenicity \[[@B46-ijms-18-00372]\]. Lopez considered that CSCs displayed a higher degree of resistance to radiotherapy as compared with non-CSCs, which may be associated with Sox2 and OCT4 expression \[[@B53-ijms-18-00372]\]. In addition, Sox2 was expressed more significantly in the radioresistant group than in the radio-sensitive group \[[@B54-ijms-18-00372]\]. However, there was a group that proved to have high Sox2 expression levels that could be a marker for prolonged overall survival among patients with squamous cell carcinomas \[[@B55-ijms-18-00372]\]. In this study, the GBM stem-like cells 1XM used had radioresistant properties. Besides, as [Figure 3](#ijms-18-00372-f003){ref-type="fig"}B shows, BP downregulates Sox2 expression significantly, and Sox2 expression in CD133^+^ cells was obviously higher than in CD133^−^ cells ([Figure 1](#ijms-18-00372-f001){ref-type="fig"}C). Moreover, Sox2, regulated by BP, is not related to cell migration and EMT ([Figure 7](#ijms-18-00372-f007){ref-type="fig"}). Thus, we are assuming that Sox2, if regulated by BP, might be related to the radioresistance. In our pilot study, we found that when CD133^−^ cells, cultured with the medium which was harvested from CD133^+^ cells, decreased in radiosensitivity (data not shown). In this case, we would like to clarify the role of Sox2 mediated by BP in radioresistence and find out what caused the change in radiosensitivity in CD133^−^ cells for future research.

4. Materials and Methods {#sec4-ijms-18-00372}
========================

4.1. Chemicals and Reagents {#sec4dot1-ijms-18-00372}
---------------------------

*n*-Butylidenephthalide (BP) was purchased from Alfa Aesar (Ward Hill, NY, USA). Cell culture medium Dulbecco's Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Logan, UT, USA). Dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and β-actin were purchased from Sigma-Aldrich (St. Louis, MO, USA). RNeasy Midi Kit and Omniscript RT kit were purchased from Qiagen (Valencia, CA, USA). Lipofectamine 2000 and Geneticin^®^ (G418) were purchased from Invitrogen (Carlsbad, CA, USA). Antibody of CD133, Axl, GAS6, Sox2 and Oct4 are from Genetex (Irvine, CA, USA); MMP2 and EZH2 are from Cell Signaling (Beverly, MA, USA). The Horseradish peroxidase linked IgG secondary antibody was purchased from Jackson ImmunoResearch (West Grove, PA, USA).

4.2. Cell Lines and Cell Culture {#sec4dot2-ijms-18-00372}
--------------------------------

The human GBM cell line DBTRG-05MG (BCRC 60380) and human GBM8401 (BCRC 60163) were obtained from Bioresources Collection and Research Center (BCRC, Hsin Chu, Taiwan). The cells were maintained using RPMI-1640 (Hyclone, Logan, UT, USA) medium containing 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin and streptomycin (Hyclone) at 37 °C in a humidified atmosphere containing 5% CO~2~. The 0XM and 1XM were kindly given by Dr. Dueng-Yuan Hueng. The CD133^+^ cells were isolated from GBM patients \[[@B33-ijms-18-00372]\]. The 0XM and 1XM were maintained using DMEM (Hyclone) medium containing 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin and streptomycin (Hyclone) at 37 °C in a humidified atmosphere containing 5% CO~2~.

4.3. Cell Cycle Analysis {#sec4dot3-ijms-18-00372}
------------------------

The 0XM and 1XM were plated in 10 cm dishes (1 × 10^6^ cells/dish) and were allowed to attach for 24 h. After 24 h, the culture medium was replaced with the medium containing different concentrations of BP. At different time points within 24 h, the cells were harvested by trypsinization, washed with phosphate-buffered saline (PBS), fixed overnight in 70% ice cold ethanol, and the DNA was stained with propidium iodide after RNAse treatment. Cell cycle analysis was performed by flow-cytometry (BD Biosciences, Bedford, MA, USA) and cells in G0/G1, S, G2/M and the sub-G0/G1 (apoptotic) phases were quantified.

4.4. Cell Cytotoxicity Assay {#sec4dot4-ijms-18-00372}
----------------------------

Cell viability was assayed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were grown in 96-well plates at a density of 5 × 10^3^ per well. The cells were treated with 6 different concentrations of BP, BCNU and TMZ, and the control group (0 μg/mL or 0 μM) was treated with a vehicle (DMSO). After drug treatment for 24 h, the medium of each wells were removed, and fresh medium containing MTT solution (0.5 mg/mL) was added to the wells for 1 h. Then, the formed formazan crystals were dissolved in the DMSO and the absorbance was detected by ELISA Reader (Multiskan MCC/340, ThermoFisher Scientific, Waltham, MA, USA) with wavelength 570 nm. The results were performed 3 times with 8 replicated wells for each sample.

4.5. Western Blot Analysis {#sec4dot5-ijms-18-00372}
--------------------------

In order to examine the protein regulation of BP on CSCs, total proteins were collected and analyzed by Western blot. Cells after BP treatment were trypsinized and collected by centrifugation. Cell pellets were washed with PBS, and lysed on ice for 30 min with 100 μL of lysis buffer. Thereafter, the protein supernatants were collected after being centrifuged at 13,000 rpm at 4 °C for 20 min. The concentration of protein was quantified by BSA protein assay kit. Electrophoresis was performed on 6%--15% SDS-PAGE electrophoresis system. Separated proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked in 5% non-fat milk or 2% BSA for 1 h at room temperature, and then incubated at 4 °C with primary antibodies. Membranes were washed three times with PBST (containing 0.1% Tween 20) and incubated with HRP-conjugated secondary antibody for 1 h at room temperature. All proteins were performed using enhanced chemiluminescence reagent and detected by image detection system (FUSION Pulse 6, Vilber lourmat, Marne-la-Vallée, France).

4.6. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) {#sec4dot6-ijms-18-00372}
-------------------------------------------------------------

Cells were treated with different concentrations of BP for 24 h, then the cells were trypsinized and collected by centrifugation. Total RNA was extracted by using RNeasy Midi Kit (Qiagen) according to the manufacturer's protocols. 1 μg of total RNA from each sample was used to convert to cDNA by using Omniscript RT Kit (Qiagen). The thermal cycling profile of polymerase chain reaction was set to an initial double stranded DNA denaturation step at 95 °C for 10 min, 30 cycles of 30 s of denaturation at 95 °C, 30 s of annealing at 56 °C, and 1 min of extension at 72 °C, and a final 10 min extension step at 72 °C. The PCR products were analyzed by electrophoresis and stained by ethidium bromide. The data was performed by BioDoc-It™ Imaging Systems (97-0190-01, UVP, Upland, CA, USA), and levels of GAPDH were used as internal control. The primer sequence of AXL (F): 5′-GGTGGCTGTGAAGACGATGA-3′, AXL (R): 5′-CTCAGATACTCCATGCCACT-3′; GAPDH (F): 5′-TGAAGGTCGGAGTCAACGGATTTGGT-3′; GAPDH (R): 5′-CATGTGGGCCATGAGGTCCACCAC-3′.

4.7. In Vitro Transfection {#sec4dot7-ijms-18-00372}
--------------------------

The AXL plasmid was kindly given by the National Health Research Institutes associate investigator, Shuang-En Chuang. The EZH2 and Sox2 plasmid was constructed by GENEWIZ. To create AXL, EZH2, and Sox2 overexpressing cell line, 1XM cells were transfected with 2 μg pcDNA3.0-AXL, pcDNA3.0 neo vector, pcDNA3.1-EZH2, pcDNA3.1-Sox2 or pcDNA3.1 neo vector using Lipofectamine 2000 (Invitrogen). After 48 h, the cells were subjected to selection for stable clone by exposure for 3 weeks to 600 μg/mL G418 (Invitrogen) in a complete medium containing 10% FBS. The cells were then assessed for overexpression of AXL, EZH2, and Sox2 by Western blot analysis.

4.8. Wound Healing Assays {#sec4dot8-ijms-18-00372}
-------------------------

1XM cells were seeded in six-well plates and cultured nearly confluent (\~90%). The cells were then incubated in DMEM, supplemented with 25 μg/mL mitimycin C pretreated 30 min. A wound was then created by manually scraping the cell monolayer with a 200 μL pipette tip. The cultures were washed twice with PBS to remove floating cells, and then added to the culture medium containing different concentrations of BP. Cell migration into the wound was observed and recorded at two preselected time points (0 and 24 h) in six randomly selected microscopic fields for each condition and time point. The distance traveled by the cells was determined by measuring the wound width at different time points and then subtracting it from the wound width at time 0. The values were expressed as migration percentage, setting the gap width at 0 h as 0%.

4.9. In Vitro Invasion Assay {#sec4dot9-ijms-18-00372}
----------------------------

Cells (5 × 10^5^) were planted on the top side of polycarbonate Transwell filters (with or without Matrigel (BD Bioscience, Bedford, MA, USA) for Transwell assay). The BD Matrigel™ Basement Membrane Matrix is composed of laminin, collagen IV, nidogen/entactin, and proteoglycan on polyethylene terephthalate (PET) membranes containing 8 μm pores. The invasion assay was followed as described in a previous study \[[@B41-ijms-18-00372]\]. Each experiment was repeated three times.

4.10. Statistical Analysis {#sec4dot10-ijms-18-00372}
--------------------------

All of the experiments were performed in three or more independent assays. Statistical analysis of the results was analyzed by Student *t*-test, and *p*-value ≤ 0.05 was indicated the statistical significance.

5. Conclusions {#sec5-ijms-18-00372}
==============

In this study, we demonstrated the antitumor potential and suppression of stemness, migration, and invasion of the small molecule BP in GBM stem-like cells. Targeting stem cells using signal pathway inhibitors, radiosensitizers and chemosensitizers, immunotherapy, stem cell differentiation promoters, and gene therapy may provide a new clinical field of study. These findings can be used to develop powerful new drugs for treating GBM.
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![Characterization of glioblastoma (GBM) stem-like cells and GBM cells. (**A**) The CD133 percentage of 0XM and 1XM analyzed by flow cytometry; (**B**) CD133, CD44 and Nestin expression in 0XM (low CD133^+^) and 1XM (high CD133^+^); (**C**) Distinction of some markers in GBM cells, 0XM (low CD133^+^) and 1XM (high CD133^+^). P2: antibody conjugated positive population; PE-A: the X axis values indicated fluorescence intensity.](ijms-18-00372-g001){#ijms-18-00372-f001}

###### 

(**A**--**F**) The cell cytotoxicity in GBM cells DBTRG and GBM stem-like cells 1XM after *n*-butylidenephthalide (BP), bis-chloroethylnitrosourea (BCNU) and temozolomide (TMZ) treatment; (**G**) The cell cycle analysis in GBM stem-like cells 1XM after BP treatment. BP induced G2/M arrest and apoptosis in 1XM.

![](ijms-18-00372-g002a)

![](ijms-18-00372-g002b)

![BP regulates cancer stem cell (CSC) associated protein expression in human GBM stem-like cells. The Western blot data demonstrate that BP can downregulate CSC associated gene (**A**) CD133 expression; (**B**) Sox2, Oct4 expression and (**C**) EZH2 expression in a dose-dependent manner after 24-h treatment with BP. CD133, Sox2, Oct4 and EZH2 expression in a time-dependant manner with BP (**D**) 25 μg/mL and (**E**) 75 μg/mL.](ijms-18-00372-g003){#ijms-18-00372-f003}

![BP regulates AXL expression and EMT in human GBM stem-like cells. The RT-PCR and Western blot data demonstrate that BP can downregulate *AXL* gene expression in GBM stem-like cells 1XM in a dose-dependent manner (**A**); protein expression level (**B**); and inhibit EMT in 24-h treatment with BP (**C**).](ijms-18-00372-g004){#ijms-18-00372-f004}

###### 

BP inhibits migration and invasion in GBM stem-like cells in a dose-dependent manner. (**A**) Wound healing assay of 1XM treated with BP (**a**) or BCNU (**b**) at various doses in 24-h treatment. The photographs were taken under a light microscope at a magnification of ×40; (**B**) The quantification of the wound healing assay; (**C**) Transwell assay for the invasion assay with BP at various doses in 24-h treatment. (**a**) 0 μg/mL; (**b**) 12.5 μg/mL; (**c**) 25 μg/mL; (**d**) 50 μg/mL; (**e**) 62.5 μg/mL; and (**f**) 75 μg/mL; (**D**) The quantification of the invasion assay; (**E**) BP reduced the activity of matrix metalloproteinases (MMPs) in a dose-dependent manner in 24-h treatment. \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\* *p* \< 0.001.
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![Cell migration and CSC associated genes were reversed by AXL overexpression in 1XM. (**A**) The photograph of colony selection and AXL overexpression confirmed by Western blotting. Migration assay of 1XM-neo (**a**) and 1XM-AXL (**b**) performed using wound healing assay (**B**), with BP administered at various doses in 24-h treatment, and the quantifications as (**C**). (**D**,**E**) When AXL was overexpressed in 1XM, AXL, EZH2, Oct4, Sox2 and CD133 were recovered. The photographs of (**A**,**B**) were taken under a light microscope at a magnification of ×40.](ijms-18-00372-g006){#ijms-18-00372-f006}

![The photograph of colony selection (**Aa**,**Ba**) and gene overexpression confirmed by Western blotting (**Ab**,**Bb**); (**Ac**,**Bc**) EMT associated marker TGF-β, Slug and Snail expression were recovered in 1XM-EZH2, but not in 1XM-Sox2. The photographs of (**Aa**,**Ba**) were taken under a light microscope at a magnification of ×40.](ijms-18-00372-g007){#ijms-18-00372-f007}

![The schematic mechanism of BP treatment in GBM cells. Block arrows ↙: Pathway; T bars ⊥: Inhibition the gene expression; Gray upwards arrows ↑: Increase the phenomenon; Gray downward arrows ↓: Decrease the phenomenon.](ijms-18-00372-g008){#ijms-18-00372-f008}
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###### 

The IC~50~ of different drug treatments in glioblastoma (GBM) cell DBTRG and GBM stem-like cells 1XM.

  Drug   DBTRG IC~50~         1XM IC~50~
  ------ -------------------- ---------------------
  BP     531 μM (100 μg/mL)   406 μM (76.5 μg/mL)
  BCNU   352.4 μM             377.6 μM
  TMZ    1658.6 μM            \>1600 μM

[^1]: These authors contributed equally to this work.
